Abstract The study of multiple stratification of the F layer has the initial records in the midtwentieth century. Since then, many studies were focused on F 3 layer. The diurnal, seasonal, and solar activity variations of the F 3 layer characteristics have been investigated by several researchers. Recently, investigations on multiple stratifications of F layer received an important boost after the quadruple stratification (StF-4) was observed at Palmas (10.3°S, 48.3°W; dip latitude 6.6°S-near-equatorial region), Brazil. The present study reports the latest findings related with the seasonal and solar activity characteristics of the F 3 layer and StF-4 near the equatorial region during the period from 2002 to 2006. A significant connection between StF-4 and F 3 layer has been noticed, since the StF-4 is always preceded and followed by a F 3 layer appearance. However, the F 3 layer and the StF-4 present different seasonal and solar cycle variations. At a near-equatorial station Palmas, the F 3 layer shows the maximum and minimum occurrences during summer and winter seasons, respectively. On the contrary, the StF-4 presents the maximum and minimum occurrences during winter and summer seasons, respectively. While the F 3 layer occurrence is not affected by solar cycle, the StF-4 appearance is instead more frequent during high solar activity.
Introduction
The ionospheric F layer shape and electron density peak variations depend on local time, latitude, longitude, season, solar cycle, geomagnetic activity, and electrodynamic conditions. In particular, the equatorial and low-latitude F layer may change its shape and peak height in a few minutes due to electric fields induced by propagation of medium-scale traveling ionospheric disturbances (MSTIDs) or thermosphericionospheric coupling. This F layer electrodynamic feature characterizing the low latitudes is one of the most remarkable ionospheric physic research fields. In addition, the combination of north-south magnetic field with daytime electric fields uplifts the F region at equatorial region to higher altitudes. As soon as the ionosphere reaches higher altitudes, the plasma diffuses downward to lower altitudes, and to higher latitudes, through the magnetic field lines, causing the formation of electron density crests around AE15°l atitude; this phenomenon is called as the equatorial ionospheric anomaly (EIA) [Appleton, 1946] . Also, just after the sunset there is an intensification of E × B drift, which can combine with MSTIDs leading to the generation of large-scale ionospheric irregularities (plasma bubbles) [Rishbeth, 1971; Heelis et al., 1974; Eccles, 1998; Fagundes et al., 2009] .
The study of stratification in ionospheric layers has the initial records in the midtwentieth century by Appleton [1927] . Bailey [1948] studied the geomagnetic behavior of the F 2 layer and found its tendency to present multiple stratification. Sen [1949] investigated the F 2 layer stratification near the magnetic equator at Singapore and reported F 2 layer triple stratification into F 0 2 , F″ 2 , and F 2 . Later Balan et al. [1998] proposed a mechanism to understand the F 3 layer formation. This mechanism shows that the F 3 layer is formed during daytime due to dynamical and photochemical processes. The combination of the equatorial vertical plasma drift E × B and thermospheric meridional winds creates favorable conditions for generation of the F 3 layer . On the other hand, Vasiliev [1967] indicates that the internal gravity waves play an important role in the formation of the equatorial F 2 layer stratifications. In addition, Fagundes et al. [2007] found a strong relationship between the formation of the F 3 layer and gravity wave propagation, near the EIA crest during high solar activity period. Klimenko et al. [2011 Klimenko et al. [ , 2012 proposed that a nonuniform in height zonal electric field can generate a nonuniform height vertical E × B plasma drift, and this can be a source of formation of the F layer stratification at the geomagnetic equator.
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More recently, day-to-day F 3 layer occurrence have been investigated in the Brazilian, Indian, and Chinese sectors under different solar activity and geomagnetic conditions [Balan et al., 1997 [Balan et al., , 1998 Batista et al., 2000; Rama Rao et al., 2005; Fagundes et al., 2007 Fagundes et al., , 2011 Zhu et al., 2013] . In the Brazilian equatorial region the occurrence of F 3 layer was found to be higher during the summer and winter solstice months Batista et al., 2000] . Batista et al. [2002] and Balan et al. [1998 Balan et al. [ , 2000 studied the F 3 layer seasonal occurrence characteristics as a function of solar activity and dip latitude at Fortaleza from 1975 to 2000 when the dip latitude changed from À1.7°to À11°, respectively. They showed that the F 3 layer has higher occurrence during January (local summer) and August (local winter) than during equinoctial months. They have also reported higher F 3 layer occurrences during low solar activity (LSA) than during high solar activity (HSA). In addition, the F 3 layer occurrence is directly proportional to the proximity of the magnetic equator.
Recently, Tardelli and Fagundes [2015] reported for the first time the occurrence of F layer quadruple stratification (StF-4) in the American sector. However, this preliminary study showed the StF-4 formation only during winter months (June, July, and August 2002). They reported that the StF-4 is preceded and followed by the F 3 layer and that the StF-4 is always characterized by a lifetime shorter than the one of the F 3 layer. They also showed that the StF-4 occurs when the F layer electron density peak reaches its daytime maximum, which combines with a nonuniform vertical E × B plasma drift due to MSTID propagation. This result agrees with the model simulations carried out by Klimenko et al. [2011 Klimenko et al. [ , 2012 , who proposed that a nonuniform electric field near the geomagnetic equator can create favorable conditions for the generation of multiple F layer stratifications (F 3 and F 4 ).
The present investigation reports and discusses the seasonal and solar cycle occurrences of ionospheric F 3 layer and StF-4 at Palmas (PAL; 10.3°S, 48.3°W; dip latitude 6.6°S; near-equatorial region), Brazil, covering a period from HSA to LSA.
Results and Discussion
The ionosphere at PAL (dip latitude 6.6°S) has been investigated using a Canadian Advanced Digital Ionosonde (CADI) digital ionosonde. The CADI operates transmitting radio wave pulses from 1 to 20 MHz with a power of 600 W. The pulses have a length of 40 μs, which gives a height resolution of AE6 km. The ionograms are obtained with a cadence of 5 min [Grant et al., 1995; MacDougall et al., 1997; Fagundes et al., 2007 Fagundes et al., , 2011 .
In this study we used ionosonde observations recorded at PAL from 2002 to 2006 during the declining phase of the solar cycle 23 to investigate the F 3 layer and the StF-4 occurrence. Since the occurrence of F layer stratification (F 3 and StF-4) is a typical daytime phenomena we analyzed ionograms from 06:00 LT to 19:00 LT. Also, the StF-4 lifetime varies from 10 to 30 min in most of the cases, which shows that the present observation cadence of 5 min is very important in this kind of investigation. [2015] reported for the first time on the occurrence of StF-4 in the American sector, during the 2002 (winter time). In addition, they showed that the F 3 layer is observed always before and after the occurrence of the StF-4. However, the day-to-day and seasonal occurrence characteristics of F 3 layer and StF-4 were not addressed in that first investigation. In the present investigation, out of 857 analyzed days, 542 days (63%) are found to be characterized by the occurrence of the F 3 layer and 78 days (9%) are found to be characterized by the occurrence of StF-4. It is confirmed that the StF-4 is always preceded and followed by the F 3 layer, as it was found by Tardelli and Fagundes [2015] . Among the days with occurrence of F 3 layer only 14% of days there were observed with simultaneous occurrences of F 3 layer and StF-4 (for more details, see Table 1 ).
Tardelli and Fagundes
In order to highlight the simultaneous occurrences of F 3 layer and StF-4 along the studied period, it is shown in Figure 1 a set of ionograms displaying one case per year, where the F 3 layer and the StF-4 appear simultaneously. When the ionograms present a triple stratification the layers are named F 1 , F 2 , and F 3 , and when the ionograms present a quadruple stratification the layers are named F 1 , F 2 , F 3 , and StF-4 (for more details, see Figure 1 ). Journal of Geophysical Research: Space Physics
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Fagundes [2015] . An insight into the Figure 2 reveals that not only the occurrence of F 3 layer and StF-4 but also the duration of F 3 layer and StF-4 present a seasonal dependence.
In order to study the seasonal variations of the F 3 layer and the StF-4 all the available data from 2002 to 2006 are combined in Figure 3 . The percentages are calculated by dividing the monthly number of days (Figures 3a and 3c ) and the monthly number of hours (Figures 3b and 3d) , with occurrence of the F 3 layer and the F 3 /StF-4, respectively, by the total number of days and hours of the month with observations. Figures 3a and 3b show the monthly percentages of days with F 3 layer and monthly percentage of time duration with F 3 layer, respectively. These figures show that the F 3 layer is present during all months of the year and has a semiannual variation, more evident in the time duration plot (Figure 3b) , with maxima during summer and winter time. These results agree with previous investigations carried out at Fortaleza (4°S, 38°W) by Balan et al. [1998 Balan et al. [ , 2000 and Batista et al. [2000] . The monthly number of days characterized by the presence of the F 3 layer presents a summertime maximum in February, while the monthly number of hours characterized by the presence of the F 3 layer presents a summertime maximum in December. Both occurrences present a secondary wintertime maximum in July. Even though there are several months without available data, it is possible to notice that the occurrence of the F 3 layer does not show a clear dependency on solar cycle. The analysis here described does not support that made by Batista et al. [2002] , who investigated the formation of the F 3 layer near the equatorial region as a function of solar cycle and reported higher occurrences during LSA than during HSA. Anyhow, focusing on wintertime, Figure 4 shows an occurrence of the F 3 layer higher during HSA than during LSA.
On the other hand, at low latitude Zhu et al. [2013] showed that in the China sector the F 3 layer has a higher occurrence during medium solar activity than during LSA, and Fagundes et al. [2011] presented a study showing that in the Brazilian sector the occurrence of the F 3 layer during HSA is 11 times higher than that during LSA. Rama Rao et al. [2005] reported a complete absence of F 3 layer at an anomaly crest location, Ahmedabad, in the Indian sector. Concerning StF-4, Figure 4 shows that the corresponding occurrence has a clear solar cycle dependence with a maximum during HSA. Since StF-4 and F 3 layer have a strong relationship, it is important to highlight that both of them present a high occurrence during wintertime. Probably, the wintertime absolute maximum of occurrence of StF-4 and the wintertime secondary maximum of occurrence of the F 3 layer are in such way connected. However, to clarify the connection between the F 3 layer and the StF-4 it is needed to analyze more observations from different sectors along with model simulations which are of vital interest for further investigations.
Conclusion
In this study, we present ionospheric F layer observations during daytime, using a Canadian Advanced Digital Ionosonde (CADI) ionosonde at a near-equatorial station, PAL (10.2°S, 48.2°W; dip latitude 6.6°S), in the Brazilian sector. The main purpose of this paper is to investigate the day-to-day, seasonal, and solar cycle characteristics of the F 3 layer and the StF-4 occurrence. The salient results are summarized below:
1. Out of 857 analyzed days, the F 3 layer is found for 542 days (63%), while the StF-4 is observed for 78 days (9%); 2. The F 3 layer is present during all months of the year and has a semiannual variation with a main maximum during summertime and a secondary maximum during wintertime. This seasonal dependence is noticed considering both the number of days and the number of hours per month; 3. The StF-4 is present all the year, except during February and March. Also, StF-4 occurrence presents an annual variation with a wintertime maximum; 4. All 78 StF-4-recorded events that were observed from 2002 to 2006 have a lifetime shorter than that of the F 3 layer, and StF-4 is always preceded and followed by the F 3 layer, showing a strong connection between the two stratifications; 5. The StF-4 occurrence presents a dependence on solar activity higher during HSA than during LSA. 
